Abstract The incidence of diabetes and its associated microand macrovascular complications is greatly increasing worldwide. The most prevalent vascular complications of both type 1 and type 2 diabetes include nephropathy, retinopathy, neuropathy and cardiovascular diseases. Evidence suggests that both genetic and environmental factors are involved in these pathologies. Clinical trials have underscored the beneficial effects of intensive glycaemic control for preventing the progression of complications. Accumulating evidence suggests a key role for epigenetic mechanisms such as DNA methylation, histone post-translational modifications in chromatin, and non-coding RNAs in the complex interplay between genes and the environment. Factors associated with the pathology of diabetic complications, including hyperglycaemia, growth factors, oxidant stress and inflammatory factors can lead to dysregulation of these epigenetic mechanisms to alter the expression of pathological genes in target cells such as endothelial, vascular smooth muscle, retinal and cardiac cells, without changes in the underlying DNA sequence. Furthermore, long-term persistence of these alterations to the epigenome may be a key mechanism underlying the phenomenon of 'metabolic memory' and sustained vascular dysfunction despite attainment of glycaemic control. Current therapies for most diabetic complications have not been fully efficacious, and hence a study of epigenetic mechanisms that may be involved is clearly warranted as they can not only shed novel new insights into the pathology of diabetic complications, but also lead to the identification of much needed new drug targets. In this review, we highlight the emerging role of epigenetics and epigenomics in the vascular complications of diabetes and metabolic memory.
Introduction
The increased incidence of diabetes worldwide has greatly augmented the risk for numerous associated complications that lead to reduced quality of life and increased mortality. A high percentage of patients with type 1 and type 2 diabetes develop microvascular complications such as diabetic retinopathy, nephropathy and neuropathy, as well as life-threatening macrovascular diseases such as atherosclerosis, stroke and hypertension [1] [2] [3] [4] [5] [6] . Several common biochemical mechanisms and genetic factors have been implicated in the pathology of diabetes and its complications. They have a profound impact on cellular transcription programs in target organs, leading to aberrant expression of growth promoting, proinflammatory, pro-apoptotic, and pro-fibrotic genes [6] [7] [8] [9] . However, it is increasingly evident that, because of the influences of gene-environment interactions, epigenetic mechanisms may also play a key role. Epigenetics refers to heritable changes in gene expression and ensuing phenotypes that occur without changes in the DNA sequence. Epigenetic changes include DNA cytosine methylation, histone post-translational modifications (PTMs) in chromatin, and non-coding RNAs (ncRNAs), all of which can affect gene expression individually or co-operatively and modulate disease states [8] . Current therapies for most diabetic complications have not been fully efficacious, and hence a study of epigenetic mechanisms is clearly warranted as they can offer novel and valuable insights into the pathophysiology of diabetic complications, and can also identify much needed new drug targets. Recent advances in human genome sequencing have yielded unprecedented information about chromatin states and the epigenome under normal and disease states [10, 11] which can be exploited to enhance our understanding of the molecular mechanisms involved in diabetic complications.
In this review, we highlight the role of epigenetic mechanisms in vascular complications of diabetes and metabolic memory, their potential use for the development of new biomarkers and therapeutic targets, and recent technological advances that have helped accelerate the field.
Biochemical mechanisms and factors involved in diabetic vascular complications
Diabetes and diabetogenic agents such as high glucose, AGEs, angiotensin II (Ang II), TGF-β and oxidised lipids have adverse effects in major target cells involved in vascular dysfunction, including endothelial cells, vascular smooth muscle cells (VSMCs), monocytes and retinal, neural and renal cells [1] [2] [3] [4] [5] [6] [7] [8] 12] . Multiple signalling pathways and kinases activated by these agents lead to the activation of key transcription factors, such as nuclear factor-κB (NF-κB) and Smads, leading to increased expression of growth factors, inflammatory chemokines and cytokines involved in endothelial dysfunction, vascular cell growth, macrophage infiltration, fibrosis, inflammation and organ dysfunction [3] [4] [5] [6] [7] [8] [9] [13] [14] [15] [16] [17] .
Whereas many of these mechanisms are common to most vascular complications of diabetes, the specific genes regulated, phenotype and pathology can vary depending on the target cell and organ. For example, levels of pro-fibrotic TGF-β are increased in most renal cells in diabetes, which mediates glomerular hypertrophy, accumulation of extracellular matrix (ECM) proteins and podocyte apoptosis, leading to diabetic nephropathy [2, 8, 12, 17] . Endothelial dysfunction and inflammation caused by macrophage infiltration is seen in most diabetic complications [6] . In diabetic retinopathy, there is retinal cell apoptosis and angiogenesis, while diabetic cardiac disease is manifested as myopathy and hypertrophy [6] .
Crosstalk between the actions of various diabetogenic factors can amplify and perpetuate the expression of pathological genes associated with the progression of complications (Fig. 1) . Recently, microRNA (miRNA)-and long ncRNA (lncRNA)-mediated mechanisms have also been implicated [8] (Fig. 1 ). Further understanding of these novel epigenetic mechanisms could help improve the efficacy of currently available therapies for overt and irreversible complications, and could also be used in the clinical management of metabolic memory implicated in the continued development of the diabetic complications despite glycaemic control.
Metabolic memory: a unique phenomenon
Hyperglycaemia is a major pathological factor involved in diabetic complications. Although it can be controlled through medication, dietary modifications and exercise, many patients continue to experience numerous life-threatening complications. This could be due to a memory of prior exposure of target cells to high glucose, leading to persistence of its harmful effects long after attainment of glycaemic control [15, 18] (Fig. 1 ). This memory phenomenon has been observed in experimental models as well as in clinical trials such as the Diabetes Control and Complications Trial (DCCT) and the follow-up observational Epidemiology of Diabetes Interventions and Complications (EDIC) study. The results of the DCCT indicated that patients with type 1 diabetes placed on intensive glycaemic control had a much lower incidence or severity of various complications, including nephropathy and neuropathy, relative to those on standard/conventional therapy [19] . After the DCCT, both groups were placed on intensive therapy and were followed over the long term in the EDIC study phase. Despite attainment of similar levels of HbA 1c in both groups during the EDIC study, patients in the original DCCT intensive treatment group had significantly lower risks of developing microvascular and macrovascular complications relative to the original DCCT conventional treatment group [20, 21] , a phenomenon termed 'metabolic memory'. Other trials with type 2 diabetic patients have also found that the benefits of intensive glycaemic control lasted long after cessation of intervention, suggesting a 'legacy effect' [22] .
Metabolic memory has been demonstrated in several experimental models. Cell culture studies have implicated metabolic memory in the persistently aberrant expression of fibrotic, antioxidant and inflammatory genes in VSMCs [18, [23] [24] [25] , endothelial cells [26, 27] and retinal endothelial cells (RECs) [28] [29] [30] [31] , despite glucose normalisation. Furthermore, metabolic memory has also been studied in animal models of complications such as atherosclerosis [27] , diabetic nephropathy and diabetic retinopathy [28] [29] [30] [31] [32] [33] . Thus, both in vivo and in vitro studies demonstrate the beneficial effects of good glycaemic control and, conversely, that the deleterious effects of prior hyperglycaemic exposure, on target organs last even after subsequent glycaemic control. Metabolic memory remains a major impediment to the effective management of diabetic complications, and, in recent years, epigenetic mechanisms have been implicated.
Epigenetics and the epigenome: rationale for study in diabetic complications
Epigenetic control of gene regulation plays an important role in development, cell identity, stable inheritance of gene expression patterns in differentiated cells, genomic imprinting, [34, 35] .
In mammalian cells, chromosomal DNA is tightly packaged into chromatin, which is made up of arrays of subunits called nucleosomes. Each nucleosome consists of an octamer protein complex containing two copies each of core histone proteins H2A, H2B, H3 and H4, with 147 bp of chromosomal DNA wrapped around it. PTMs of nucleosomal histones and DNA methylation (DNAme) represent epigenetic modifications (Fig. 2) [34, 35] . These modifications, along with ncRNAs, including short non-coding miRNAs and lncRNAs, regulate chromatin structure/function and cell-type-specific gene expression patterns and collectively constitute the epigenome. Recent advances in high-throughput genome-wide profiling and sequencing have significantly enhanced our knowledge of various aspects of the epigenome and its correlations to phenotype [10, 36] . Alterations in epigenomic states have a profound effect on gene regulation and biological outcomes and are thus associated with the pathogenesis of various disorders, including cancer [37, 38] . In addition, long-term persistence of epigenetic modifications long after the removal of the original stimuli might contribute to chronic diseases such as diabetic complications and resistance to conventional therapies. Over-or under-nutrition, physical activity and environmental factors can influence epigenetic mechanisms in adults and offspring, leading to aberrant expression of genes involved in metabolic and cardiovascular disorders [39, 40] . The heritable nature of epigenetic marks could also predispose future generations to metabolic abnormalities [40] , and are likely to make them prone to diabetic complications later in life.
Several complications of diabetes appear to have a genetic pre-disposition and there have been intense efforts to identify causal genes or related single-nucleotide polymorphisms (SNPs) [41] [42] [43] . Since these efforts and genome-wide association studies (GWAS) have uncovered only limited candidate loci, the evaluation of epigenotypes by epigenome-wide association studies (EWAS) can provide critical new information about the pathogenesis of diabetic complications and metabolic memory, which in turn could identify newer therapeutic modalities and diagnostic biomarkers for early intervention. Furthermore, most disease-associated SNPs are present in non-coding or other regulatory regions of the genome such as enhancers [44] , which can affect gene expression by altering transcription factor binding. H3K4me1/2 H3K27ac
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DNAme and its role in diabetic complications
DNAme, the most well established epigenetic mark, occurs at 5′ cytosines of CpG dinucleotides, although non-CpG methylation can also occur. Both DNA methyl transferase (DNMT)3A and DNMT3B mediate de novo DNAme, whereas DNMT1 acts as a maintenance methyltransferase [35, 45] . Emerging evidence also shows the occurrence of cytosine 5-hydroxymethylation enzymatically mediated by oxidases (the Tet proteins) and active DNA demethylation, suggesting that DNAme is quite dynamic [35] . In general, DNAme at promoter regions leads to gene repression, whereas at gene bodies it might regulate transcription elongation and alternative splicing. DNAme is recognised by methyl binding proteins that can recruit transcriptional co-repressors and other proteins via protein-protein interactions to alter gene expression [35] . The role of DNAme has been studied in the transgenerational inheritance of metabolic diseases, suggesting that environment and diet may influence epigenetic modifications that predispose individuals to diabetes [46] . Aberrant DNAme has also been reported in the reduced expression of genes involved in diabetes and metabolism, and DNAme variations have also been noted near diabetes susceptibility genes and enhancers [15, 47] .
Genomic DNA from diabetic patients with nephropathy relative to those without displayed differential methylation at several genes, including UNC13B, which had previously been linked to diabetic nephropathy [48] . In another study, a number of regions with differential DNAme were identified in saliva samples of patients with end-stage renal disease relative to chronic kidney disease (CKD) alone [49] . Interestingly, DNAme was found to play a role in a model of renal fibrosis and TGF-β actions [50] . A recent study implicated DNAme in crosstalk between podocytes and proximal tubules in diabetic nephropathy that was associated with increased expression of claudin-1 in podocytes and reduced expression of sirtuin 1 in tubules [51] . Of note, an examination of DNAme profiles in microdissected tubuli obtained from patients with CKD and diabetic nephropathy vs controls revealed significant differences in their genome-wide DNAme (methylomes), with key differentially methylated genes being related to fibrosis [52] , indicating direct connections between epigenetics and human diabetic nephropathy. High glucose treatment induced alterations in DNAme at key genes involved in dysfunction of endothelial cells and neuronal cells [53, 54] .
. Additional studies in cell culture and in relevant tissues of animal models and humans at various stages of disease are needed to specifically link abnormalities in DNAme patterns with diabetic complications.
Histone PTMs and their role in diabetic complications and inflammation
Covalent PTMs of nucleosomal histone proteins in chromatin also regulate gene expression via epigenetic mechanisms [34, 36] . Several histone PTMs (mostly at exposed amino-terminal tails) have been identified, including lysine acetylation (Kac) and lysine methylation (Kme). In general, histone Kac (such as H3K9ac, H3K14ac, H4K5ac) at gene promoters correlates with transcriptional activation, whereas its removal is associated with gene repression. Histone Kme can be associated with either gene activation or repression depending on the amino acid residue modified and the extent of methylation, i.e. mono (Kme1), di (Kme2) or tri (Kme3) methylation. H3K4me1/2/3 and H3K36me2/3 are generally associated with transcriptionally active genome regions, whereas H3K9me3, H3K27me3 and H4K20me3 are associated with repressed domains [34] . Genome-wide profiling of histone PTMs has been instrumental in demonstrating that distinct patterns of specific histone modifications can distinguish key regulatory regions, including promoters, enhancers, gene bodies and repetitive elements [10, 36] (Fig. 2) . Transcriptionally active gene promoters are enriched with H3K9ac, H3K4me2 and H3K4me3, while gene bodies and transcribed regions are enriched with H3K36me3 and H3K79me3. On the other hand, inactive or silent gene promoters are enriched with repressive marks H3K9me3 and H3K27me3 [10, 36] . Enhancers are typically enriched with H3K4me1 (poised) and H3K27ac (active) [55] (Fig. 2) . Histone Kac is enzymatically mediated by histone acetyltransferases (HAT) such as p300, CREBbinding protein (CBP) and Tat-interactive protein 60 kDa (Tip60), which also act as transcription co-activators. Conversely, histone deacetylases (HDAC), including HDAC1-11 and sirtuins, remove acetylation marks and in general act as co-repressors with some exceptions [34] . Kme is mediated by histone lysine methyltransferases (HMTs) and removed by lysine demethylases (KDMs) [36, 56] . Histone modifying enzymes (HMEs) can also modify lysine residues on nonhistone proteins, including transcription factors [57] . Therefore, newer nomenclature has been proposed for HMEs based on their enzymatic activity and the order of discovery [57] .
Differential regulation of HME activity, recruitment and expression under various conditions determines the epigenome landscape. They can be recruited to promoters or enhancers by binding to specific DNA sequences, or by binding to pre-existing modifications or via interaction with RNA polymerase II and transcription factors [58] or via lncRNAs [59] . Because HMEs use metabolites such as acetyl-CoA (HATs), S-(5′-adenosyl)-L-methionine (HMTs) and α-ketoglutarate (KDMs) as cofactors, they might act as metabolic sensors. Therefore, mis-regulation of their functions can lead to metabolic abnormalities [60] . The role of DNAme in epigenetic transmission is generally more widely studied than that of histone PTMs, although histone modifiers like Polycomb repressor complexes and histone recycling proteins have been implicated [61] . Overall, the crosstalk and interplay between histone PTMs, DNAme and ncRNAs provides another layer of epigenetic regulation to impact gene expression [62, 63] , which, if dysregulated, can result in diabetes and associated complications.
Changes in histone PTMs in target organs such as pancreas, liver and adipose tissue can affect the expression of numerous genes associated with obesity and diabetes [15] . Such epigenetic changes may also directly or indirectly influence key genes in target organs affected by vascular complications. Cell culture and animal models have demonstrated the involvement of histone PTMs in the expression of genes associated with the pathogenesis of diabetic nephropathy. TGF-β signalling plays an important role in the expression of key fibrotic and ECM genes and cell cycle inhibitor genes in renal cells, which contribute to diabetic nephropathy [2, 6, 8, 12] . TGF-β regulates gene expression mostly through activation of the transcription factors Smads2/3/4, which can collaborate with HATs and chromatin remodelling factors [12, 17, 64] . Recent studies have examined these mechanisms as well as histone Kac and Kme in rat mesangial cells treated with TGF-β and high glucose. TGF-β increased H3K9/14ac near Smad and SP1 binding sites by recruiting the HATs p300 and CBP to the promoters of the genes encoding plasminogen activator inhibitor type 1 (PAI-1) and p21 [65] . Induction of expression of fibrotic genes in rat mesangial cells by TGF-β was also associated with enrichment of active Kme marks (H3K4me1/2/3) and reduced levels of repressive marks (H3K9me2/me3) at their promoters [66] . Furthermore, SET domain-containing (lysine methyltransferase) 7 (SET7), a H3K4 methyltransferase, was found to play a key role in fibrotic gene expression. High glucose treatment of RMC also led to similar changes in histone PTMs (H3Kac and H3K4me) and increased SET7 recruitment at fibrotic and cell cycle gene promoters [65, 66] . Interestingly, these effects of high glucose were blocked by a TGF-β antibody, demonstrating that TGF-β acts as a mediator in high glucose-induced epigenetic effects [65, 66] . Together, these studies support a critical role for epigenetic mechanisms in TGF-β-and high glucose-induced pathological gene expression in mesangial cells which are relevant to diabetic nephropathy (Fig. 3) .
In an in vivo study [67] , increases in RNA polymerase II recruitment and H3K4me2, but decreases in H3K27me3 levels, were associated with the expression of diabetic nephropathy-related genes in mouse and rat models of diabetic nephropathy, with some differences between the two species. In other studies, high glucose increased the expression of the redox-regulating protein p66Shc by inhibiting promoter DNAme and increasing H3K9ac in podocytes in vitro and in experimental diabetic nephropathy [68] . Another report implicated endoplasmic reticulum stress upstream of SET7-mediated regulation of monocyte-chemoattractant protein-1 (MCP-1) expression in kidneys from db/db mice [69] .
Since chromatin status around expressed genes is likely to be affected by a code of multiple histone PTMs, another recent study used Matrix chromatin immunoprecipitation (ChIP) assays to profile several histone PTMs in vivo in mice glomeruli [70] . Relative to db/+ mice, glomeruli from diabetic db/db mice exhibited increased RNA polymerase II recruitment, enhanced levels of key activation marks and decreased levels of key repressive marks at the promoters of the genes encoding PAI-1 and receptor for AGEs (RAGE). These results suggest that epigenetic histone PTMs regulated by diabetes in vivo can co-operate to promote permissive chromatin states around these and other promoters, enhanced access to transcription machinery and gene expression. Interestingly, treatment of db/db mice with losartan, an Ang II type 1 receptor blocker (ARB), ameliorated key indices of diabetic nephropathy, and reversed key changes in epigenetic enzymes and H3K9ac enrichment at promoters of genes encoding PAI-1 and RAGE, but did not reverse all the diabetes-induced epigenetic changes [70] . Thus, the relative inefficiency of drugs commonly used for diabetic nephropathy, such as ARBs to prevent progression to renal failure, in many patients could be due to the incomplete reversal of diabetic nephropathyassociated epigenetic changes [71] .
Changes in histone PTMs at key retinal genes have also been demonstrated in RECs treated with high glucose and tissues from animal models of diabetic retinopathy. Inhibition of superoxide dismutase (SOD2), and concomitant increase in oxidant stress in RECs are key events in diabetic retinopathy. High glucose-induced downregulation of Sod2 mRNA was accompanied by enrichment of the repressive histone mark H4K20me3 and corresponding HMT SUV420H2 at the Sod2 promoter [31] , as well as reduced levels of activation marks H3K4me1/2, and increased occupancy of lysine-specific demethylase 1, which erases H3K4me1/2 [29] . Upregulation of matrix metalloproteinase gene Mmp9, which encodes another enzyme implicated in diabetic retinopathy, was associated with reduced promoter H3K9me2 and increased H3K9ac levels, along with increased recruitment of NF-κB in RECs from diabetic rats [30] . Furthermore, thioredoxin-interacting protein, a pro-oxidant factor induced by high glucose and RAGE ligands, upregulates inflammatory genes in RECs by inhibiting repressive H3K9me3 and increasing active H3K9ac at their promoters [72] . Mass spectrometry studies demonstrated that hyperglycaemia causes acetylation of retinal histones, which was associated with increases in proinflammatory proteins [73] . The HAT p300 was implicated in endothelial fibronectin expression related to diabetic retinopathy [74] , and in gene expression relevant to diabetic cardiac hypertrophy [75] . With respect to diabetic neuropathy, several biological mechanisms have been studied, although the role of epigenetics has only recently been suggested [5, 6] . Epigenetic mechanisms have also been evaluated in the impaired wound healing associated with diabetes [76] .
Chronic inflammation is a hallmark of the majority of the vascular complications of diabetes, with increased macrophage infiltration and inflammatory gene expression being observed in the kidney, blood vessels, eyes and other target organs. High glucose-mediated activation of NF-κB is a major mechanism of inflammatory gene expression in vascular cells and monocytes, and several studies have demonstrated the involvement of epigenetic modifications and histone PTMs in these events [15] . In monocytes, high glucose treatment increased the recruitment of co-activator HATs CBP and p300, and augmented the levels of active marks H3Kac and H4Kac at inflammatory gene promoters to enhance chromatin relaxation and gene expression [77] . Notably, profiling approaches with ChIP linked to microarrays (ChIP-on-chip) revealed differential enrichment of H3K4me2 (active) and H3K9me2 (repressive) marks at gene bodies of several genes in high glucose-treated THP-1 monocytes [78] . Similar changes in H3K9/14ac, H3K4me2 and H3K9me2 at key genes were also observed in blood monocytes obtained from diabetic patients, demonstrating direct relevance to diabetes [77, 78] . Furthermore, ChIP-on-chip epigenome profiling of blood lymphocytes from type 1 diabetic patients vs healthy controls demonstrated significant variations in the repressive H3K9me2 mark at a subset of genes associated with type 1 diabetes, inflammation and autoimmunity [79] . Key variations in monocyte H3K9ac were also observed at two HLA genes with SNPs that are closely linked to type 1 diabetes [80] , suggesting a crosstalk between epigenetic and genetic variations-a concept being increasingly investigated. Other studies noted that SET7 was required for the maximal activation of a subset of NF-κB-inducible inflammatory genes in monocytes [81] , besides its role in regulating fibrotic genes in the kidney. In vascular endothelial cells, high glucose treatment increased the expression of the NF-κB active subunit (p65) and inflammatory genes by promoting SET7 recruitment and H3K4me1 enrichment at their promoters [26] , while also directly promoting nuclear localisation and activity of SET7 [82] . In studies with VSMCs, high glucose was found to upregulate various inflammatory genes via decreases in the repressive mark H3K9me3 and corresponding HMT SUV39H1 at their promoters [24] . Together, these studies demonstrate a direct role of high glucose in the regulation of histone PTMs, and SET7 has emerged as one of the key epigenetic regulators of gene expression in many cell types relevant to diabetic complications, including mesangial cells, monocytes/macrophages and endothelial cells [26, 66, 81, 82] (Figs 3, 4) . Thus, SET7 inhibitors could be evaluated for the treatment of diabetic complications. A recent report observed the downregulation of gene expression related to IL-6 and activator protein-1 (AP-1) signalling pathways in endothelial cells treated with two arginine methyltransferase inhibitors, one of which also had putative inhibitory effects on SET7 [83] .
Overall, these emerging studies demonstrate the involvement of histone PTMs and corresponding enzymes in gene regulation in target cells related to diabetic complications. They also highlight the complexity of profiling tissues from animal models of chronic progressive complications like diabetic nephropathy or retinopathy, and the need to study several stages of disease progression.
Epigenetic mechanisms and metabolic memory
There is intense interest in determining the molecular mechanisms underlying metabolic memory, especially those related to epigenetics. In recent years, the potential persistence of histone Kme variations at key genes related to complications These epigenetic mechanisms increase the expression of NF-κB-regulated inflammatory genes and inhibit the expression of protective antioxidant genes, leading to the development of vascular complications such as atherosclerosis and diabetic retinopathy. Studies on in vitro and in vivo models of diabetic complications suggest that persistence of variations in epigenetic histone PTMs and chromatin states at key pathological genes, as well as ncRNA expression, long after the removal from diabetic stimuli play key roles in metabolic memory implicated in an increased risk for diabetic complications. LSD1, lysine-specific demethylase 1; MCP-1, monocyte chemoattractant protein-1; MMP9, matrix metalloproteinase 9
has been evaluated as a mechanism for their chronic misregulation and metabolic memory. In one study, enhanced inflammatory gene expression and migration in VSMCs obtained from db/db mice relative to control db/+ mice despite being cultured in vitro for several passages was associated with decreased enrichment of the repressive mark H3K9me3 and the corresponding H3K9me3 methyltransferase SUV39H1 at inflammatory gene promoters. The expression levels of SUV39H1 were also downregulated in parallel, due in part to the upregulation of miR-125b (which targets SUV39H1) in db/db mice, indicating crosstalk between these epigenetic layers (ncRNAs and chromatin) in diabetes [24, 84] . Similarly, sustained changes in H3K4me1 and SET7 were implicated in the prolonged upregulation of p65 in endothelial cells previously cultured in high glucose for short time periods [26] . In a rat model of diabetic retinopathy and metabolic memory, sustained downregulation of Sod2 was attributed to persistent promoter enrichments of the repressive mark H4K20me3 and decreases in the activation mark H3K4me2 [29, 31] . Together, these reports strongly suggest that alterations in epigenetic histone PTMs might establish a metabolic memory of diabetic complications (Figs 1, 2, 3, 4) . Further studies are needed to understand how high glucose and diabetes provoke these epigenetic events, and how they can be reversed to prevent the progression of complications despite glycaemic control. Importantly, investigations with appropriate human diabetic individuals can help extrapolate these observations to clinical metabolic memory and glycaemic variations. In the first report of epigenome profiling of patients with type 1 diabetes experiencing metabolic memory [85] , several histone PTMs were compared in white blood cells collected from a case group of EDIC study participants selected from the former DCCT conventional treatment group experiencing progression of nephropathy and retinopathy vs a control group from the former DCCT intensive treatment group not showing progression. Results showed significant enrichment in H3K9ac at promoters of key inflammatory genes and genes related to diabetic complications in monocytes from cases compared with controls. Monocyte H3K9ac was significantly associated with the mean HbA 1c during long-term periods of DCCT and EDIC. These novel findings suggest a potential epigenetic explanation for metabolic memory in humans [85] . Further studies with bigger cohorts of patients will help provide additional support for the role of various epigenetic marks in the metabolic memory phenomenon.
ncRNAs: miRNAs and lncRNAs in diabetic complications
Emerging data from whole transcriptome sequencing (RNAseq) have revealed that the majority of the genome is transcribed into RNA, much of which is non-coding (i.e. unlike mRNA which codes for protein) [86] . The role of ncRNAs in diabetic complications has elicited great interest because they are also epigenetic regulators that can modulate the expression of genes via various transcriptional and post-transcriptional mechanisms and thus fine-tune the actions of diabetogenic stimuli. ncRNAs include not only small ncRNAs such as miRNAs (about 22 nucleotides long), but also lncRNAs, which are >200 nucleotides, up to 100 kb, in length. Recent evidence demonstrates that miRNAs and lncRNAs can also regulate the expression of genes and modulate the actions of growth factors and inflammatory factors related to diabetic complications [8] . These reports have been described in several reviews [8, [87] [88] [89] [90] [91] and are only briefly discussed here.
Numerous recent reports have demonstrated abnormal expression of various miRNAs in renal, vascular and retinal cells under diabetic conditions, and in vivo models of related diabetic complications [8, [87] [88] [89] [90] [91] . Notably, the functional relevance of these miRNAs has been highlighted by the fact they target key genes associated with the progression of, or protection against, these complications. In particular, the role of miRNAs in diabetic nephropathy has been extensively studied, including in the actions of TGF-β related to fibrosis and other key renal outcomes in vitro and in vivo [8, [87] [88] [89] [90] . In diabetic retinopathy, several miRNAs have been reported to modulate the disease by targeting factors associated with angiogenesis, inflammation, and oxidant stress in RECs and in diabetic retinas [88, 89] . Reports have also implicated various miRNAs in the aberrant expression of genes associated with diabetic cardiomyopathy [88, 91] . In addition, effective in vivo targeting of miRNAs has now been demonstrated thanks to advances in nucleotide chemistry and the design of nuclease-resistant anti-miRNAs, which suggest future translational potential of miRNA-based therapies for human diabetic complications [8] . Importantly, since miRNAs are stable in biological fluids such as urine and serum [8] , they are being assessed in samples from various clinical cohorts as valuable biomarkers for the early detection of diabetic complications, for which there is a major unmet clinical need. It is clear that research in the field of miRNAs and diabetic complications will continue at a rapid pace.
LncRNAs are long transcripts similar to mRNAs, but lack protein-coding (translation) potential [63, 92] . Most lncRNAs are expressed at much lower levels than protein-coding genes and exhibit tissue-specific expression. They can affect gene expression by various epigenetic mechanisms, including acting as scaffolds to bring protein complexes together, recruiting chromatin-modifying complexes to key gene loci, acting as sponges of miRNAs and as host genes for miRNA [59, 63] . A few reports have now demonstrated roles for lncRNAs in diabetic complications, especially diabetic nephropathy [8] . Key miRNAs were induced by TGF-β, together with their host gene, RP23, an ncRNA, in mesangial cells [93] . One lncRNA, plasmacytoma variant translocation 1, was identified as potential locus for end-stage renal disease, and implicated in the pathogenesis of diabetic nephropathy [94, 95] . In VSMCs, Ang II induced several lncRNAs, of which one novel lncRNA was a host gene of miR-221/222, and could regulate VSMC proliferation [96] . Furthermore, lncRNA E330013P06 (also known as MIR143HG) was recently reported to be induced in macrophages under diabetic conditions in mice and human cells [97] . Interestingly, this lncRNA could modulate the expression of macrophage inflammatory genes and foam cell formation [97] , thus implicating lncRNAs in vascular complications such as atherosclerosis. Research into the role of lncRNAs in human disease and approaches to harness their therapeutic potential are still in their infancy. Clearly, this emerging field is expected to show rapid growth in the upcoming years, aided by technological advances, including the CRISPR-Cas9 system for genome editing [98] .
Epigenomic approaches: applications in diabetic complications research
Epigenetic studies in human disease have been greatly accelerated as a result of advances in whole-genome and epigenome profiling technologies as well as bioinformatics and genomic data analysis platforms [99, 100] . DNAme is analysed using bisulfite conversion of genomic DNA, immunoprecipitation of methylated DNA, followed by hybridisation to arrays or next-generation sequencing to obtain genome-wide distribution of DNAme [100] . Histone PTMs are analysed using ChIP assays in which DNA in cross-linked chromatin is immunoprecipitated with antibodies against specific histone modifications, transcription factors or other chromatin factors. ChIP-enriched DNA is analysed by PCR to identify candidate enriched genome locations or by hybridisation to microarrays (ChIP-on-chip) or nextgeneration sequencing (ChIP-Seq) for genome-wide localisation analyses [99] . Formaldehyde Assisted Isolation of Regulatory Elements (FAIRE)-Seq detects accessible chromatin and regulatory elements based on differential crosslinking efficiency of nucleosome enriched and depleted regions [101] . Recently, in order to determine whether obesity alters chromatin accessibility, FAIRE-seq was used for the first time to examine chromatin variations in mouse livers induced by a high-fat diet [102] . Such genomic approaches can be used to evaluate variations in chromatin accessibility associated with diabetic complications.
RNA-Seq has revolutionised transcriptome analysis in diverse cell types and disease conditions and led to the genomewide detection of known and novel transcripts, including lncRNAs [92, 103] . Integration of transcriptome (RNA-seq), DNA-methylome and ChIP-seq data can yield comprehensive information about the epigenomic state and its outcomes on gene expression under pathophysiological conditions [99] .
The Encyclopedia of DNA Elements (ENCODE) project completed high-quality whole-genome functional annotations of the human and mouse genomes [10, 104] . These publicly available data, including from NIH Roadmap Epigenomics consortium (www.roadmapepigenomics.org), are valuable reference tools to accelerate and catalyse new research into the epigenomics of human disease.
As discussed earlier, these high-throughput approaches are already being implemented in diabetic complications research. They have been complemented with systems biology and systems genetics efforts to effectively identify new players in and drug targets for diabetic complications [105] . There are also ongoing efforts to systematically profile epigenetic marks in tissues, cells and archived genomic DNA from various clinical trials. The major challenge, however, is expected to be in the analysis of the ensuing large datasets, the complexity of bioinformatics/biostatistics and in silico modelling. If these hurdles can be overcome, these efforts are likely to yield novel insights into epigenome variations linked with diabetic complications.
Summary
Increasing evidence shows that, besides the well-described biochemical mechanisms, epigenetic mechanisms might also participate by fine-tuning gene expression to modulate the aetiology of diabetic complications. Persistence of epigenetic modifications triggered by diabetic stimuli could be one of the key mechanisms underlying metabolic memory. However, the involvement of many epigenetic factors and mechanisms involved in the regulation of the modifications by upstream signal transduction pathways remains unknown. However, this is a rapidly expanding and dynamic field and it is likely that other epigenetic factors related to diabetic complications will soon be uncovered. Epigenomics may also aid in determining the functional roles of complications-associated genetic variants. It would be worthwhile to assess whether lifestyle modifications such as exercise and healthy diets can reduce diabetic complications by altering epigenetic marks. A recent study showed the beneficial effects of exercise on epigenetic marks related to diabetes [106] . Because epigenetic changes are potentially reversible in nature, combination therapies with epigenetic drugs (epidrugs) [38] and antagomirs (miRNA inhibitors) [8] could be considered to complement the current treatments for complications. However, there are also key challenges. Since epigenetic patterns are cell specific, data from heterogeneous tissue samples and biopsies could be difficult to interpret. Furthermore, apart from hyperglycaemia, other factors associated with diabetes, including insulin resistance, obesity, dyslipidaemia, environment, lifestyles and genetics, can work independently or co-operatively to also promote epigenetic changes in various affected target tissues.
Because inflammation is closely associated with most diabetic complications, epigenetic variations could be examined noninvasively in inflammatory cells like blood monocytes and lymphocytes. Overall, it is anticipated that further research in the field of epigenetics could lead to the identification of much needed new biomarkers and drug targets for the early detection and treatment of the debilitating vascular complications of diabetes.
Funding The authors are supported by funding from National Institutes of Health (R01 DK081705, R01 DK058191, R01 DK065073, R01 HL106089) (to RN) the Juvenile Diabetes Research Foundation (to RN) and China Scholarship Council (to EZ).
Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
Contribution statement MAR, EZ and RN were responsible for the conception and design of the manuscript, drafting the manuscript, revising it critically for intellectual content and approving the final version.
